There is compelling evidence about the manifest effects of inbreeding depression on individual fitness and populations' risk of extinction. The majority of studies addressing inbreeding depression on wild populations are generally based on indirect measures of inbreeding using neutral markers. However, the study of functional loci, such as genes of the major histocompatibility complex (MHC), is highly recommended. MHC genes constitute an essential component of the immune system of individuals, which is directly related to individual fitness and survival. In this study, we analyse heterozygosity fitness correlations of neutral and adaptive genetic variation (22 microsatellite loci and two loci of the MHC class II, respectively) with the age of recruitment and breeding success of a decimated and geographically isolated population of a long-lived territorial vulture. Our results indicate a negative correlation between neutral genetic diversity and age of recruitment, suggesting that inbreeding may be delaying reproduction. We also found a positive correlation between functional (MHC) genetic diversity and breeding success, together with a specific positive effect of the most frequent pair of cosegregating MHC alleles in the population. Globally, our findings demonstrate that genetic depauperation in small populations has a negative impact on the individual fitness, thus increasing the populations' extinction risk.
INTRODUCTION
Reduced and isolated populations are highly exposed to genetic drift and to the loss of genetic variation, which may make them more vulnerable to inbreeding depression [1] . Inbreeding depression is the decline in mean fitness owing to the increased expression of recessive deleterious alleles and the loss of heterozygous advantage at functionally important genes [2] . Compelling evidence has demonstrated the negative effects of inbreeding on the performance of individuals through reduced survival, breeding success and resistance to environmental stress [3] , all of which contribute, in turn, to enhance the risk of extinction of natural populations. Effects of inbreeding in the wild should ideally be assessed by estimating individual inbreeding coefficients from detailed pedigrees [4] . However, this information is inherently difficult to obtain, especially for long-lived species. Consequently, a number of studies have used molecular markers to obtain indirect estimates of inbreeding, many of them finding significant heterozygosity -fitness correlations (HFCs) [5] [6] [7] [8] [9] . Two main hypotheses are proposed to explain HFCs: (i) the local effect hypothesis suggests that neutral loci can be linked to loci influencing fitness and hence heterozygotes exhibit an advantage via dominance (i.e. heterozygotes experience lower expression of recessive deleterious mutations) and/or overdominance (i.e. heterozygotes are superior per se [10] ); and (ii) the general effect hypothesis suggests that multi-locus heterozygosity (MLH) reflects genome-wide variation or inbreeding [5, 11] . Nevertheless, for marker loci to indicate general inbreeding, the studied population may have gone through any mechanism representing some form of variation in inbreeding (e.g. consanguineous mating, drift and/or bottleneck) and then generating identity disequilibrium (ID) [12] . Correlations between neutral genetic diversity and fitness still remain, however, very weak and inconsistent, and are expected to depend on population demography and life history [2 -13] . Furthermore, recent findings suggest that losses of genetic variability in bottlenecked populations can be more dramatic in adaptive genes than at neutral markers [14 -15] and, hence, the analysis of adaptive loci may be more appropriate when estimating genome-wide functional diversity in bottlenecked populations [14] . Genes of the major histocompatibility complex (MHC) are good candidates for these kinds of analyses. MHC genes play a crucial role in pathogen confrontation and clearance, and, consequently, MHC diversity has been associated with individual fitness [16] . MHC molecules present foreign antigens to specialized T cells, which triggers the production of antibodies or the destruction of pathogen-infected cells. The antigen-binding domains of MHC molecules are clearly under selection as a result of the coevolutionary arms race between pathogens and their hosts; therefore, MHC markers are excellent candidates to investigate adaptive variation in vertebrates and its relationship with fitness [17] .
Many long-lived vertebrate species are highly threatened owing to their conservative life-history strategies and their vulnerability to human-related pressures [18] . However, obtaining the individualized information necessary for the proper management of these species is difficult and involves long-term monitoring. Although there is an increasing number of studies addressing inbreeding depression in threatened populations of long-lived species [5, 19] , few incorporate the analysis of functional genes [11, 20] . In this study, we investigate the occurrence of inbreeding depression in a highly reduced and potentially inbred insular population of a globally endangered bird of prey, the Egyptian vulture (Neophron percnopterus). We use genetic and ecological data from the entire population to explore relationships between neutral (using 22 microsatellites) and adaptive (MHC class II b chain, exon 2) genetic diversity with two demographic parameters believed to greatly affect individual fitness: age of recruitment into the breeding population and breeding success [21, 22] . We specifically test whether there is a negative correlation between genetic variability and age of recruitment, and whether there is a positive correlation with respect to breeding success. Additionally, and in order to assess specific effects, we related MHC composition with fitness parameters to specifically test whether frequent haplotypes are selectively advantageous.
MATERIAL AND METHODS

(a) Study species and population
The Egyptian vulture (Neophron percnopterus) is a long-lived (species generation time: 13 years), medium-sized (mean weight: 2 kg) scavenger with a broad distribution range in dry areas of Europe, Asia and Africa, where populations are migratory. When breeding, it maintains exclusive territories; nests are placed on cliffs and usually two eggs are laid. Populations are declining worldwide as a consequence of nonnatural mortality [23] . At present, the number of mature individuals is only 30 000 to 40 000, and thus it is listed as 'Endangered' [23] . Insular sedentary populations survive in the Atlantic Ocean and the Mediterranean and Arabic Seas, but have also suffered drastic declines [24] . A relic population remains in the Canary Islands, where it has been described as a differentiated subspecies (Neophron percnopterus majorensis). Although it was very abundant in the past [25, 26] , it has also suffered a precipitous decline during the second half of the twentieth century [26] . At present, most of the Canarian population survives in Fuerteventura (in the southeastern part of the archipelago). An intensive monitoring programme over the last 12 years has revealed the presence, on average, of 30 breeding territories/year (s.d. netting. All birds were marked by using both metal and plastic rings with an individual alphanumeric code, and released after measuring (wing-chord length, in millimetres), weighing (in grams) and bleeding (5 ml) them. Blood samples were preserved in absolute ethanol and kept at 48C until their processing in the laboratory. Adult and immature birds were aged on the basis of plumage features. We estimated that about 85 per cent of the population was individually marked by 2009. During the same period, we intensively monitored the breeding population (38 territories in 2009) through the reproductive season (February to June) to determine the presence and identity of breeders as well as their breeding success [22] . Additionally, naturally moulted feathers were also collected at breeding territories in order to obtain DNA from non-banded adult breeding birds.
(c) Genetic characterization of individuals DNA was isolated from blood samples using a standard phenol-chloroform extraction [27] . Genomic DNA from the blood clot contained within the feather shaft was extracted according to Horváth et al. [28] . Sex profiles (following the study of Fridolfsson & Ellegren [29] ), individual genotypes at 22 microsatellites and two MHC class II loci (b chain, exon 2) were available from our previous studies [30] [31] [32] . Overall, the successful genotyping and molecular sexing of 135 feathers (fewer than 10% of feathers did not amplify) revealed 26 unbanded breeding individuals. We used the program GENALEX v. 6.2 [33] to detect repeated genotypes and to assign genetically profiled feathers to individual adults. Feathers from territories occupied by banded birds matched in 99 per cent of the cases with already resolved genotypes, which suggests that the collection of moulted feathers from adults other than the territorial birds is unlikely.
Bayesian analyses [34, 35] did not indicate any substructure within the Canarian population, hence neglecting a potential effect of population structure on the potential HFCs [36] (data not shown). Neutral genetic diversity was measured by calculating a corrected MLH [37] estimate: homozygosity by loci (HL) [38] and the internal relatedness (IR) [39] obtained from the multi-locus genotypes of 22 microsatellite loci (n ¼ 242) by using the software CERNICALIN [38] . We used HL rather than MLH because HL is believed to improve heterozygosity estimates by weighing the contribution of each locus to the overall homozygosity value [38] . IR is based on allele sharing, and the frequency of each allele counts towards the final inbreeding value, with shared rare alleles being more heavily weighted than shared common alleles [39] .
(d) Paternity assessment and relatedness Parentage was evaluated through both field observations and the genotypes of the 22 microsatellite loci [32] using the likelihood-based approach implemented in CERVUS v. 3.0 [40] . This method calculates statistical confidence based on the difference in the logarithm of the likelihood ratio (LOD) scores of candidate parents, and confidence is determined using criteria that are generated through simulation. For the simulation step, we used 10 000 cycles ('offspring'), 5 pairs of candidate parents (i.e. 5 mothers and 5 fathers), 75 per cent of candidate parents sampled, 1 per cent of missing genotype data and 1 per cent of sampling errors. Confidence levels were set to 80 per cent (relaxed) and 95 per cent (strict), but only parents assigned with 95 per cent confidence were considered. This molecular method allowed us to corroborate field information, resolve the kinship of individuals with unknown parents (i.e. those that were captured as immature or adults), identify cases of extra pair paternity and resolve the identity of the parents in the case of breeding trios (n ¼ 4).
Relatedness among individuals was assessed by calculating maximum-likelihood estimates of pairwise relatedness coefficients from multi-locus genotypes with the method implemented for microsatellite data in the software ML-RELATE [41] .
(e) Local versus general effect To discriminate whether the observed HFCs were driven by local or general effect, we measured the correlation in heterozygosity across loci (ID) by calculating the parameter g 2 (and if it significantly differs from zero (no correlation) based on 1000 iterations) using the software RMES [42] . This parameter is a measure of the excess of double heterozygotes at two loci relative to the expectation under a random association (i.e. covariance in heterozygosity), standardized by average heterozygosity [12] . Additionally, we ran a multiple regression following Szulkin et al. [12] , where each locus (n¼ 22) was included as an individual predictor and coded as 0 or 1 as homozygous or heterozygous, respectively. Missing genotypes were replaced with the mean heterozygosity for that locus [12] . If this model explains more variation than a basic model, where MLH is included as a single predictor, then this lends support to the local effects hypothesis. To compare models, we calculated the F ratio following the formula outlined in Szulkin et al. [12] . Finally, we calculated a heterozygosity -heterozygosity correlation [43] using the R package 'Rhh' [44] in R v. 2.12.2 [45] and the 'h_cor' function, which repeatedly and randomly divides the loci in half and calculates the correlation between them. If microsatellites carry information about genome-wide levels of heterozygosity, then comparing two random subsets of such markers should yield a positive, significant correlation [43, 44] . We ran 250 randomizations.
(f) Genetic effects on fitness We used generalized linear models (GLMs) to explore, at the individual level, the relationships between both measures of neutral genetic diversity (IR and HL; normal error distribution and identity link function), and between neutral (IR and HL) and adaptive genetic diversity (number of MHC different alleles in the individual; normal error distribution and identity link function). Then, the relationship between genetic diversity and individual fitness components was assessed through generalized linear mixed models (GLMMs), including 'individual' and 'year' as random terms to control for nonindependence in data. Year was included as a random variable because preliminary analysis testing for temporal changes on HFCs (including year as an explanatory factor) yielded nonsignificant differences among years. Models for the age of recruitment (log-transformed, normal error distribution and identity link function) and breeding success (number of successful reproduction attempts/number of reproductive attempts; binomial error distribution and logit link function) were built by including as independent variables the individual's sex and measures of neutral (HL and IR) and adaptive genetic diversity and composition (i.e. number of different MHC alleles, MHC genotype and presence/ absence of three particular linkage groups (LGs) of alleles:
LG1 ¼ Nepe1 þ Nepe5; LG2 ¼ Nepe18 þ Nepe19 and LG3 ¼ Nepe1 þ Nepe7). The other three LGs observed in the population (LG4 ¼ Nepe1 þ Nepe6; LG5 ¼ Nepe1 þ Nepe20 and LG6 ¼ Nepe8 þ Nepe9) were not included in the models because they are present in less than 2 per cent of the total population [31] . We considered LGs rather than individual alleles based on our previous observations that indicated the cosegregation of MHC alleles from two gene duplicates in this insular population [31] .
To model the breeding success, we also considered nongenetic terms known to affect breeding output in other long-lived species, such as age and body condition (BC, calculated, for completely grown individuals, as the residuals of a log -log least-squares linear regression of body mass against wing chord, controlling by sex [46] ). Owing to the reduction in sample sizes (we have information on age and BC for less than 40% of reproductive individuals; table 1), genetic effects on the breeding success were tested both including and excluding these two parameters.
Finally, we assessed whether the combination of the genetic constitution of birds affected the breeding success at the level of breeding pairs. In these models, we included as independent variables HL and IR of each mate, relatedness coefficients between the male and female of each breeding pairs and the MHC characteristics of the pair (i.e. genotype of each mate, total number of different MHC alleles in the breeding pair, and presence/absence of LG1, LG2 and LG3 in the male and female, respectively). 'Breeding pair' and 'year' were included as random terms. The relationship between genetic diversity and productivity was not assessed, given that almost 95 per cent the breeding attempts resulted in a single fledgling (see §3).The relative explanatory power of models was compared, penalizing for complexity, using differences in their Akaike information criterion corrected for small sample sizes (AICc; lower scores indicated greater statistical support [47, 48] ). Models with DAICc higher than two (i.e. models differing from that of the lowest score by more than two) were considered to be unsupported statistically [48] . The relative likelihood of models was assessed through AICc weights [47] . [31] . Of the 236 birds, 103 individuals presented two MHC class II alleles, 19 birds presented three different alleles and 114 had four alleles. Overall, 10 different alleles comprising a total of nine different genotypes were distinguished, with three genotypes (G1-G3) accounting for 89 per cent of the genotypic variation in this population (see electronic supplementary material, table S1). Our previous results [31] hinted at the coevolution of gene duplicates maintaining different pairs of divergent alleles in linkage disequilibrium (LD). There, we identified six different LGs:
LG5 (Nepe1 þ Nepe20) and LG6 (Nepe8 þ Nepe9; see electronic supplementary material, table S1).
Neutral and adaptive genetic diversity were positively linked, as shown by the significant relationship between both HL and IR and the number of MHC alleles (c) Heterozygosity -fitness correlations Age of recruitment into the breeding population ranged from 4 to 10 years (average ¼ 5.8, s.e. ¼ 0.11). The two highest-ranked models show that IR and HL were significant factors shaping the variability in this fitness component (estimates ¼ 0.17, s.e. ¼ 0.07 and 0.25, s.e. ¼ 0.12, respectively; table 1), earlier recruiters presenting lower levels of inbreeding than later recruiters (figure 2). As HL and IR were highly related (i.e. individuals with high HL also showed high IR), models could be considered both statistically and biologically as alternatives. The other variables did not produce statistically supported models (DAICc . 2).
We followed 502 reproductive attempts during the study period; 37.7 per cent of them were successful, from which 94.6 per cent resulted in a single fledgling. Model selection criteria supported age as the main driver of individual breeding success (estimate ¼ 0. 33 , and when females hold LG2. Our observations are in accordance with these results. We observed homozygous individuals for LG2 (n ¼ 20) having more reproductive attempts (n ¼ 110) and succeeding more (n ¼ 61) than homozygous individuals holding LG1 (n ¼ 18; total number of reproductions ¼ 88 and successful ones ¼ 40). Furthermore, those pairs formed by homozygous mates sharing LG2 (n ¼ 2 breeding pairs) succeed in three out of a total of five reproduction attempts, whereas pairs of homozygous mates sharing LG1 (n ¼ 3 breeding pairs) always failed and did not produce any offspring out of the observed nine reproduction attempts.
DISCUSSION
To our knowledge, this study represents the first attempt to link neutral and adaptive genetic diversity to individual fitness components in a long-lived, threatened avian species. Our findings support a positive effect of neutral and adaptive genetic variability on two components of fitness, so that heterozygous birds at neutral loci recruit earlier, while those with a higher number of different MHC alleles present higher breeding success. Additionally, we identified fitness benefits derived from the possessing of the most frequent pair of divergent MHC alleles in LD in the population.
Our analyses on neutral loci support the general effect hypothesis (i.e. a relationship between individual heterozygosity and inbreeding). First, we detect a significant correlation in heterozygosity across loci by calculating the parameter g 2, which is the central measure of ID in HFC theory [12] . Even though the method proposed by Balloux et al. [43] indicated non-significant heterozygosity-heterozygosity correlation between random sets of markers, we must recall that this procedure (to divide a set of loci into two halves and to compute the correlation of MHL between them) yields a complicated distribution of heterozygosity -heterozygosity correlation coefficients not independent from one another and providing no synthetic measure that can be related to HFC theory [12] . Even low significant values of g 2 are more powerful measures of ID than those obtained by the Balloux method [12] and we may conclude that our observed value (0.007), although low, is significant to detect a weak ID. Second, the comparison between a model containing all loci as individual predictors and the simple model containing only an MHL measure did not show significant differences, thus rejecting the local effect hypothesis. Third, we observed a significant relationship between neutral and adaptive genetic diversity. Finally, the characteristics of the studied population may also suggest that HFCs may be generated as a result of the effects of homozygosity at loci genome-wide [10] : the population is partially inbred and consanguineous mating may occur, as indicated by the high relate coefficient observed in some breeding pairs (relate greater than 0.2 in 8 out of 42 breeding pairs, or 19%), and the population is subjected to drift and has been affected by bottlenecks [25, 31, 32] .
(a) Genetic diversity and age of recruitment Under the general effect hypothesis, we expect heterozygous individuals to be the highest-quality birds in a population. In this sense, our results indicate that heterozygous individuals recruit earlier (at 4-5 years old) than more homozygous birds (recruiting at 6-10 years old). This may suggest that recruiting earlier is the best reproductive strategy in this species, as previously proposed for other long-lived species [50] . Consequently, the studied population may be subjected to inbreeding depression if increased inbreeding determines a delay in the age of Inbreeding MHC reproductive efficiency R. Agudo et al. 3245 recruitment. Mate choice could also be reinforcing this pattern of early recruitment. It has been widely discussed that the relationship between genome-wide heterozygosity or degree of inbreeding and sexual characters suggest a directional preference for heterozygous mates [51] . Theory indicates that heterozygous individuals are more efficient at acquiring mates, thus breeding younger than those more inbred.
(b) Genetic diversity and breeding success Analyses of reproductive individuals of known age show that age is the main factor determining breeding success. The effects of age on reproductive performance of longlived species have been described in many avian species [52] , even raptors [21] , suggesting that this is a general pattern. The main innovation of our results is the additive effect of genetic diversity: individuals with a higher number of MHC alleles show higher breeding success. It is worth noting that the models including age were performed with a reduced sample size of the youngest individuals of the population, which were monitored from birth or immature stages. When expanding our sample to include individuals of unknown exact age, MHC genetic diversity (number of MHC alleles) and configuration, particularly the presence of LG2 (alleles Nepe18 þ Nepe19), became the main determinants of individual breeding success: birds holding four alleles and those holding LG2 are significantly more successful than others. Although models obtained should be cautiously interpreted (see §3), raw data are supportive ( figure 3 ). Analyses considering the breeding success of pairs yielded similar results, with breeding success mainly explained by MHC diversity of the pair and by the presence of LG2 in females. Although some studies point out intermediate rather than maximal levels of MHC diversity to be more advantageous [53, 54] , the observed relationship with MHC diversity in this study is in line with recent findings suggesting that higher MHC heterozygosity enhances fitness, either through survival or reproductive performance. For example, Banks et al. [55] described a positive correlation between heterozygosity at MHC-linked markers and survival in a long-lived mammal species (the mountain brushtail possum Trichosurus cunninghami). In males of fat-tailed dwarf lemur (Cheirogaleus medius) and grey mouse lemur (Microcebus murinus), MHC individual allelic diversity was associated with increased reproductive success [56] . Worley et al. [20] observed a higher survival rate of MHC heterozygous individuals in red junglefowl (Gallus gallus) and also identified a particular MHC genotype strongly affecting survival probabilities. Also, Thoss et al. [57] described an increment in fecundity by MHC heterozygosity in house mice. The most parsimonious explanation for these findings is that MHC heterozygosity improves mating success or fecundity by enhancing health and disease resistance [20, 57] .
Whereas we cannot totally rule out a potential general effect from inbreeding, given the correlation between neutral and MHC variability [13] , our findings that indicate a positive effect of LG2 and a lack of effect of neutral variability and relatedness between breeders (within breeding pairs) strongly support a particular MHC effect on breeding success. In a previous study [31] , we hypothesized that the coevolution of gene duplicates, favouring high frequencies of different pairs of divergent alleles in LD, would be counteracting to some extent the loss of genetic diversity in this insular population. Furthermore, we suggested the existence of local adaptation favouring certain LGs, based on the observed frequency of these LGs among different populations [31] . Our present results seem to support these hypotheses, suggesting positive selection acting on individuals holding LG2, the most common pair of cosegregating MHC alleles in the Canary Islands, but lacking from other insular populations [31] . This apparent advantage of LG2 is strengthened by results regarding breeding success of pairs that indicate that the presence of LG2 in females plays an important role in the reproductive success of breeding pairs. Cost of reproduction is higher for females during egg production. Experimental studies point towards the existence of a trade-off between immune response and reproduction [58] , indicating that reproductive effort can have relevant consequences in immune responses [59] . In this sense, genetically advantageous individuals (here, individuals holding LG2) may better afford the cost of reproduction [60] .
Overall, our results are very relevant as they may support that positive frequency-dependent selection, probably driven by local pathogens, is presently acting in this bottlenecked population. This may determine the fixation of frequent LGs and the loss of rare alleles by negative selection and drift [61] . This process may determine a higher-than-expected rate of loss of adaptive genetic variability (a scenario that may be common in bottlenecked populations [14] ), potentially having important consequences for the long-term persistence of this highly threatened insular population. Selection has seemed to favour common alleles, but emerging pathogen challenges can overcome the most extended MHC-based immune response in the populations and then select for rare genotypes [62] . However, the low MHC variability combined with the loss of rare alleles and the rapid invasion of new pathogens owing to human action [24] may seriously compromise the adaptive capability of this genetically impoverished population, strongly affecting its future viability. In fact, Canarian Egyptian vultures present low immune response capabilities and high susceptibility to infection [24] .
(c) The whole picture: falling into the extinction vortex Our results indicate that the genetic deterioration in this small population has a negative impact on individual fitness [3, 19] through three main avenues. First, reduced genetic diversity delays age of recruitment, reducing population growth rates and increasing extinction risk [22, 63] . Second, impoverished levels of genetic diversity at important functional genes affect individual fitness, decreasing population productivity. Third, reduced genetic variability lowers individual ability to respond to new environmental challenges such as the arrival of new pathogens [31] . The Canarian Egyptian vultures show the lowest breeding success known for the species throughout the world [26] . Similar trends have also been described in other long-lived raptor populations [64] , but the causes of such low productivity on islands are widely unknown and have been included in the socalled 'insular syndrome' [65] . Present results and the observed lower levels of neutral and adaptive genetic diversity in the insular population compared with its continental counterpart [31, 32] may support inbreeding as one of the main causes determining the comparatively lower insular productivity. Therefore, the combined effect of genetic depauperation and the deterministic factors related to human activity (i.e. adult unnatural mortality owing to persecution [26, 66] and the arrival of new pathogens [24, 31] ) can have catastrophic consequences in the long-term maintenance of this endangered population by inevitably increasing its risk of extinction. 
